Although RT-qPCR is a powerful tool for human norovirus (HuNoV) detection, low virus 2 concentrations in potentially large sample volumes necessitate the use of inefficient sample 3 processing step(s) prior to detection. Process control viruses (PCVs) are used to monitor 4 the efficiency of these virus concentration steps. This study compared five PCVs 5
3
BSA, bovine serum albumin; TCID50, median tissue culture infectious dose; CPE, cytopathic effect; PBS, phosphate buffered saline; FBS, fetal bovine serum. 4
Introduction 22
Human noroviruses (HuNoV) are the leading cause of foodborne disease in the 23 United States (Scallan et al., 2011) and perhaps worldwide (Glass, Parashar, & Estes, 2009) . 24
Despite their public health significance, routine detection of HuNoV in food and 25 environmental samples has been historically difficult to quantify, in part due to the 26 potentially low densities of the virus in foods and the lack of a cell culture system. 27
Molecular amplification methods, specifically reverse transcription quantitative PCR (RT-28 qPCR), offer powerful tools for rapid detection of HuNoV in complex matrices. In addition 29 to avoiding the need for cultivation, RT-qPCR can save both time and expenses and has the 30 potential to be sensitive, inexpensive, quantitative, and amenable to automation. However, 31 low virus concentrations in potentially large sample volumes necessitates the use of labor 32 intensive and potentially inefficient concentration step(s) prior to detection (Knight, Li, 33 Uyttendaele, & Jaykus, 2013). Loss during these processing procedures can result in an 34 underestimation of HuNoV load or false negative results. 35
To ensure accurate quantitation and interpretation of molecular data for HuNoV in 36 various food matrices, controls are needed to determine the efficiency of various 37 processing steps, including virus recovery, concentration, RNA extraction, and RT-PCR. from experimentally contaminated foods (Mormann et al., 2010) . However, at present, 47 6 Tombusviridae first isolated from turnip and limited in spread to the UK and Yugoslavia 68 (http://www.dpvweb.net/dpv/showdpv.php?dpvno=109). These potential PCVs were 69 evaluated against HuNoV GI.6, a commonly implicated foodborne outbreak strain, and 70 GII.4, the most common cause of HuNoV outbreaks, during virus recovery (elution), 71 concentration, and RNA extraction procedures commonly used for foods (Baert, 72 Uyttendaele 
Viruses and virus propagation 79
HuNoV strains GI.6 and GII.4 were obtained as clinical stool specimens from HuNoV 80 outbreaks (provided by S. R. Greene NCPH, Raleigh, NC). Stool samples were suspended 81 20% in phosphate buffered saline (PBS, pH 7.4) and estimated to have a threshold cycle 82 (CT) of 25 and 21, respectively (personal communication, S. R. Green), equivalent to a titer 83 of 7.8x10 7 (GI.6) and 2.7x10 7 (GII.4) genome equivalent copies (GEC)/ml by RT-qPCR 84 (Section 2.3.1). 85
Mengovirus strain MC0, an avirulent strain lacking the poly(C) tract, was purchased 86 from American Type Culture Collection (ATCC VR-1597) with a concentration of 6.2x10 8 All five potential PCVs were evaluated against HuNoV GI.6 and GII.4 for the steps of 129 virus recovery (elution), concentration, and RNA extraction. These processes are described 130 below. 131
Elution 132
Fifteen g of romaine lettuce or 25 g of sliced deli ham were seeded with 20 μl of each 133 virus as several small drops across the food sample (total inoculum concentration ranging 134 from 7-10 log10 GEC) and dried for 30 min at room temperature (RT). The virus-seeded 135 food sample was placed in a polypropylene bag containing a filter compartment (Nasco 
Concentration 150
Viruses were concentrated from lettuce and ham eluates using polyethylene glycol 151 (PEG) precipitation. Twenty-five ml "mock" eluates obtained from un-inoculated foods 152
were seeded with 50 μl of each virus (total inoculum concentration ranging from 5-10 log10 153 GEC), and subjected to precipitation by the addition of PEG MW 8000 (Sigma-Aldrich, 154
Steinheim, Germany), NaCl, and bovine serum albumin (BSA, Fisher Scientific) in a final 155 concentration of 12% (w/v), 5%, and 3%, respectively (Liu et al., 2013) . Samples were 156 incubated on a shaking platform at 4°C for 15 min or 2 h and centrifuged at 18,500 × g for 157 20 min at 4°C. The pellet was suspended in 1 ml of PBS and stored at -20°C. To remove 158 residual inhibitory substances, the virus concentrates were further subjected to a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 chloroform:butanol purification step. Briefly, 1 ml of the suspended pellet was treated with 160 one volume of chloroform:butanol (1:1, v/v). The mixture was vortexed for 2 min at RT and 161 centrifuged again at 18,500 × g for 20 min. The aqueous phase (supernatant) was isolated 162 and stored at −80°C until RNA extraction and RT-qPCR (described below). Similar to the 163 elution experiments, recovery was determined as the difference in virus quantity detected 164 by RT-qPCR from samples spiked pre-concentration to samples spiked post-concentration. 165
For each virus spike concentration, all experiments were performed in triplicate with three 166 independent samples processed per replicate. 167 RNA isolations were diluted 1:10 and 1:100, and all three dilutions were subjected 181 to RT-qPCR amplification in duplicate using primers described in Table 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 statistically similar recovery to HuNoV GI.6 or GII.4 at medium (4-5.9 log10 GEC) and high 229 (6-7.9 log10 GEC) inoculum levels. At a low inoculum level (2-3.9 log10 GEC), TCV and 230
Tulane virus had statistically similar recoveries to both HuNoV GI.6 and GII.4 (p >
steps were quantified by cell culture in addition to RT-qPCR. MS2 losses during both 236 elution and PEG precipitation were similar when quantified by infectivity assays or by RT-237 qPCR (Table 3) . Similarly, MNV-1 losses during PEG precipitation were similar when 238 quantified by infectivity assays or by RT-qPCR (MNV-1 could not be detected by cell culture 239 after elution experiments). However, Tulane losses quantified by TCID50 assays were much 240 higher than losses quantified by RT-qPCR for elution from lettuce (loss of 3.2 ± 0.2 log10 241 TCID50/ml) and PEG precipitation from sliced deli ham (2.7 ± 0.7 log10 TCID50/ml). 242 Method for  251 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 quantification," 2013). To our knowledge, this is the first study of its kind in which head-to-252 head comparisons of PCVs were made for the steps of elution, concentration, and RNA 253 extraction as applied to recovery of HuNoV in select foods. 254
High recovery efficiencies were observed for both HuNoV strains tested using the 255 sample processing methods. Specifically, losses were negligible during elution, averaged 256 0.5 log10 GEC for the concentration step, and averaged 0.1 log10 GEC for RNA extraction. Keeping in mind the specific parameters of this study, we can conclude that, based 280 on combined losses, the PCV with the most dissimilar recovery to HuNoV was MNV-1, with 281 ~2-3 log10 GEC combined losses from sliced deli ham and lettuce. In fact, MNV-1 losses 282
were so high during RNA extraction (2.0 ± 0.5 log10 GEC) that MNV-1 could not be detected 283 when low and medium spike volumes were used, and thus recovery could only be 284 evaluated using an initial spike concentration ≥6 log10 GEC. We suspect that the reason for 285 this low recovery may be related to a high concentration of extra-viral RNA or a low ratio of 286 infectious to noninfectious virus particles. This is supported by the difference in MNV-1 287 stock titer as evaluated by cell culture (6.1 log10 PFU/ml) versus by RT-qPCR (11.8 log10 288 GEC/ml). One way to avoid this problem in the future may be the use of an RNase pre-289 treatment to digest free viral RNA and, theoretically, the RNA associated with non-intact 290 capsids (Li et Technologies), with combined losses from sliced deli ham and lettuce of <1 log10 GEC and 301 ~1 log10 GEC, respectively, is a good PVC candidate. In addition to its similar recovery to 302
HuNoV during processing, an additional benefit to the use of Mengo is that it can be grown 303 in vitro, allowing for in-house propagation, quantification, and purification. Interestingly, in 304 our study we also evaluated a mengovirus suspension purchased from another source, 305 which produced significantly lower RNA extraction efficiency (mean loss = 2.0 ± 0.8 log10 306
GEC) compared to the strain obtained from Life Technologies (mean loss = 0.6 ± 0.4 log10 307 GEC). While the reason for such a discrepancy is unknown, it is clear that differences in 308 virus source can drastically impact the efficiency of RNA extraction, and perhaps other 309 steps in virus concentration and purification schemes. These findings reiterate the 310 importance of using high quality, standardized virus stocks as PCVs. 311
This study provides evidence of the virus recovery efficiencies for commonly used 312 concentration and purification steps for HuNoV extraction from foods. For all PCVs, the 313 combined steps of elution and PEG precipitation usually resulted in <1.5 log10 GEC losses, 314 but RNA extraction losses were higher and more variable. This suggests that the efficiency 315 of this latter step must be carefully considered when designing virus concentration and 316 purification methods for foods. In fact, it appears that small adjustments in processing 317 methods can have significant effects on virus recovery efficiency and reiterates the 318 requirement for a PCV. While recovery efficiencies varied by virus and by processing step, 319 most of the viruses evaluated would be suitable PCVs for monitoring the efficiency of 320 17 HuNoV GI and GII extraction and detection using the methods described in this study. 321
Consideration for choice of PCV may take into account availability of virus stocks, 322 laboratory constraints (e.g., for cell culture), and food/environmental matrix to be 323 analyzed. Regardless of the choice of PCV, matrices should be tested with the PCV 324 beforehand to determine extraction efficiency and optimize input virus levels. percentiles, respectively, and points represent outliers. All viruses were spiked into 358 triplicate samples and experiments were performed in triplicate using varying 359 concentrations of virus (low, 2-3.9 log10 GEC; medium, 4-5.9 log10 GEC; and high, 6-7.9 log10 360 GEC). Input concentration of virus did make a significant difference in recovery efficiency 361 (p < 0.05) so box and whisker plots are presented for low, medium, and high inoculum 362 levels of virus. 363 20 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   25 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
